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COMPUTER SYSTEMAND METHOD FOR 
RUNTIME CONTROL OF PARALLELISMN 

PROGRAM EXECUTION 

STATEMENT REGARDING FEDERALLY 
SPONSORED RESEARCH ORDEVELOPMENT 

This invention was made with government Support under 
0963737 awarded by the National Science Foundation. The 
government has certain rights in the invention. 

CROSS REFERENCE TO RELATED 
APPLICATION 

NAA 

BACKGROUND OF THE INVENTION 

The present invention relates generally to computer sys 
tems providing execution of programs in parallel on multiple 
processors and, in particular, to an apparatus and method for 
controlling the degree of parallel execution to optimize 
execution speed, the use of computational resources, power 
or energy consumption or the like. 

Employing multiple processors to execute different por 
tions of a program in parallel on different processors has 
become increasingly important as faster processor speeds 
become more difficult to obtain. To this end, current micro 
processors normally integrate multiple processing cores into 
the microprocessor integrated circuit in contrast to several 
years ago when single core microprocessors were the rule. 

While the benefit of parallel execution in increasing pro 
gram execution speed is well known, increased parallelism is 
not always beneficial. While too little parallelism leaves more 
room for efficient program execution, too much parallelism 
can lead to execution inefficiencies actually decreasing pro 
gram performance. These inefficiencies may result from a 
variety of Sources including, for example, increased conten 
tion between different programs caused by increased paral 
lelism, increased processing overhead from implementing 
increased parallelism, for example, in load balancing or 
scheduling, and increased energy dissipation causing some 
processors to be deactivated or experience intermittent faults. 
The challenge of determining the correct degree of paral 

lelism (DoP) is not readily addressed by the programmer (that 
is statically) because of the complexity of the problem, the 
unknown effects of other concurrently executing programs, 
and the variability hardware platform and its resources. This 
latter problem is particularly acute in the current processing 
environment which is increasingly fragmented between radi 
cally different low-end devices (e.g. mobile devices) and 
high-end devices (e.g. servers). These different classes of 
device may further individually present heterogeneous pro 
cessing environments including cores with different energy 
consumption/performance characteristics, for example, spe 
cialized graphic processing cores or other accelerators along 
side general purpose processing cores. 

SUMMARY 

The present invention provides a computer system and 
method that may assess the optimal degree of parallelism 
during runtime and control the parallelism according to that 
assessment. This runtime assessment improves portability of 
programs among multiple disparate devices where the degree 
of parallelism may change significantly. 
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2 
In one embodiment, the invention provides an electronic 

computer system of the type having multiple processors 
where one or more of the processors operate so as to: 

(a) during a preceding interval of execution of an applica 
tion program, vary a number of threads employed by an 
application program while evaluating the application pro 
gram performance to establish a relationship between number 
of threads and the application program performance; 

(b) during a next succeeding interval of execution, control 
the number of threads employed by the application program 
based on the relationship to improve the application program 
performance; and 

(c) repeating steps (a) and (b) during execution of the 
application program at Successive preceding and Succeeding 
intervals of execution. 

It is thus a feature of at least one embodiment of the inven 
tion to ensure neither too much nor too little parallelism in the 
execution of program based on current runtime conditions. It 
is a further feature of at least one embodiment of the invention 
to provide a methodology for determining the properamount 
of parallelism through the use of an empirical technique when 
underlying data may be hidden or unavailable. 
The application program performance may be that of 

instruction execution speed, processor resource usage, pro 
cessor energy usage or processor power usage, among others. 

It is thus a feature of at least one embodiment of the inven 
tion to provide a method of determining the right amount of 
parallelism suitable for application to a wide variety of per 
formance goals including increased speed, cost savings, 
energy reduction, power reduction or temperature reduction. 
The invention may determine when a parallelism region of 

the application program occurs in which instructions of the 
application program may be executed in parallel, and step (a) 
may be timed to occur in the parallelism region of the appli 
cation program. 

It is thus a feature of at least one embodiment of the inven 
tion to provide a highly sensitive measurement of the effects 
of parallelism undiluted by measurements of portions of the 
program that must be executed serially. 
The relationship between performance and parallelism 

may measure an apparent “artificial serialization of the 
application program representing a decrease in application 
program performance below that possible when instructions 
of the application program, which may be executed in paral 
lel, are executed in parallel. 

It is thus a feature of at least one embodiment of the inven 
tion to provide a methodology for determining the right 
amount of parallelism that may easily embrace a wide variety 
of causes and effects including but not limited to: (1) demands 
of other programs that are concurrently executing on the same 
hardware, (2) intermittency of hardware based on power, 
thermal, or reliability conditions, (3) processing bottlenecks 
represented by other hardware resources such as memory, (4) 
delays associated with cache coherence protocols, (5) over 
head represented by parallel execution, (6) the size of the 
application program, and (7) a particular program perfor 
mance goal. 
The invention may include the step of monitoring a param 

eter of application program performance and may repeat 
steps (a) and (b) based on changes in the monitored parameter 
occurring during the second interval. 

It is thus a feature of at least one embodiment of the inven 
tion to minimize the overhead of determining the right 
amount of parallelism by triggering reassessment of the 
degree of parallelism according to measured quantities that 
Suggest changes in hardware resource availability. 
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The parameter of application program performance used to 
trigger reassessment may be selected from the group consist 
ing of executed instructions per second, processor power, 
processor energy and processor temperature. 

It is thus a feature of at least one embodiment of the inven 
tion to provide monitored parameters that can be readily 
determined by existing or well-understood computer hard 
Ware Structures. 

The invention may be implemented by providing a virtu 
alizing program positioned between the application program 
and an operating system program, the operating system pro 
gram allocating N threads to an application program where 
the threads are independently schedulable on the electronic 
processors and independently executable on different elec 
tronic processors. The virtualizing program may communi 
cate with the application program to provide the application 
program with M virtual threads and to map a changing Subset 
P of the N threads to the virtual threads M based on the 
relationship to improve the application program perfor 
aCC. 

It is thus a feature of at least one embodiment of the inven 
tion to provide a method of controlling parallelism to increase 
program performance that is not beholden to existing or 
future operating systems in standalone or cloud computing 
environments that may not willingly reveal the underlying 
information needed for optimization of the amount of paral 
lelism or provide for the same goals for optimizing parallel 
ism (e.g., reducing costs). 

It is further a feature of at least one embodiment of the 
invention to provide a method of controlling parallelism to 
increase program performance that is not beholden to the 
application program. 
The virtualizer program may vary a mapping of the P 

threads to all of the M virtual threads by activating and sus 
pending the MVirtual threads over time to guarantee forward 
progress. 

It is thus a feature of at least one embodiment of the inven 
tion to prevent starvation of any thread of the application 
program by a virtualizing program despite a limiting of 
threads to less than that requested. 

The electronic computer system may provide for a call 
stack associated with each of the MVirtual threads allowing 
activating and Suspending of a virtual thread. 

It is thus a feature of at least one embodiment of the inven 
tion to allow the Suspension and reactivation of program 
portions by a program other than the operating system. 

These particular objects and advantages may apply to only 
Some embodiments falling within the claims and thus do not 
define the scope of the invention. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a simplified block diagram of a multiprocessor 
computer system suitable for use with the present invention 
showing multiple processing cores communicating with a 
memory holding application programs, an operating system 
program, a virtualizer program, and various data structures to 
be described below: 

FIG. 2 is a logical data flow diagram of the embodiment of 
FIG. 1 showing interposition of the virtualizer program 
between the application program and operating system with 
respect to the process of allocating threads: 

FIG. 3 is a fragmentary detail of the virtualizer program 
and the application program showing communication paths 
of a heuristic element of the virtualizer program and thread 
management portion of the virtualizer, the latter creating 
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4 
virtual threads including data structures necessary for man 
agement of the virtual threads: 

FIG. 4 is a timeline depicting execution of an application 
program showing a measurement interval when a desired 
degree of parallelism is determined and an execution interval 
when that degree of parallelism is enforced, and further show 
ing a monitored parameter used for triggering a new measure 
ment interval and a time variation of thread number during the 
measurement interval; 

FIG. 5 is a plot of derived artificial serialization versus 
number of threads showing determination from the measure 
ment interval of quantities that may be used to deduce a 
desired degree of parallelism; 

FIG. 6 is a flowchart of the principal steps executed by the 
present invention in determining a proper degree of parallel 
ism and enforcing that determination; and 

FIG. 7 is a state diagram showing states of each virtual 
thread managed by the virtualizer and State transition condi 
tions. 

DETAILED DESCRIPTION OF THE PREFERRED 
EMBODIMENT 

Referring now to FIG. 1 a computer system 10 may provide 
for multiple processing cores 12, for example, each contain 
ing a processing unit for executing arithmetic, logical, and 
dataflow instructions, registers, caches and the like. 
The processing cores 12 may communicate with a memory 

14 logically shown as a single entity but typically comprised 
of various memory devices including random access 
memory, disk drive, flash drive, and the like. 
The memory 14 may hold an operating system program 16 

of the type generally known in the art as well as multiple 
application programs 18 whose execution will be managed by 
the operating system program 16. Memory 14 may also 
include a virtualizer program 20 of the present invention and 
various data structures 21 used by the application programs 
18, the operating system program 16, and the virtualizer 
program 20. 
The operating system program 16 is of a type capable of 

allocating multiple processing threads among the resources 
of the cores 12 according to a scheduling system. As is gen 
erally understood in the art, threads represent portions of 
application programs (e.g. sets of instructions) that may be 
Substantially scheduled separately and executed indepen 
dently on a different core 12. Operating system programs 
suitable for use with the present invention include the current 
Windows operating system commercially available from 
Microsoft and various versions of the Linux operating system 
freely available from a variety of sources. 
The invention is not limited to this depicted architecture 

which is provided only by way of example but may work 
generally with any computer system capable of parallel pro 
cessing in which one or more threads of a given application 
program 18 are simultaneously executed on different cores 
12. 

Referring now to FIG. 2, before or during execution, an 
application program 18 may indicate an ability to use a given 
number of threads M in one or more logical requests 22 
normally directed to the operating system program 16. The 
requests 22 may be implemented in a variety of forms includ 
ing system calls, register settings and the like and are pre 
sented in the form of request 22 for clarity only. Generally the 
operating system program allocates a requested number of 
threads M which stays relatively constant during execution of 
the parallel region in the application program 18. Typically, 
the request 22 results from a programmer's static division of 
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the application program 18 into a number of independently 
executable portions associated with thread creation or thread 
barrier commands or the like. This partitioning of the pro 
gram may be made at the time of program preparation and 
before execution of the application program 18 on the com 
puter system 10. 

This request 22 may be intercepted by the virtualizer pro 
gram 20 which allocates to the application program MVirtual 
threads responding with confirmation 34 and forwards a 
request 24 for actual threads 28 to the operating system 16. 
Normally, the virtualizer program 20 has access to a system 
variable N indicating the maximum number of threads pos 
sible and will limit its request 22 to that maximum number or 
this may be enforced by the operating system program 16 
when it returns N actual threads. 

Generally the operating system program 16 provides the N 
actual threads to the application program 18 from a store of 
allocatable actual threads 28 which may be also allocated to 
other application programs 18 (not shown). 
The virtualizer program 20 then selects a P, Subset 

threads 28 of these Nactual threads 28 that will be mapped to 
the Mvirtual threads where P is selected to improve the 
execution performance of the application program 18 accord 
ing to a number of factors including a user selectable objec 
tive functions. Different example objective functions may 
seek to increase execution speed, reduce execution cost or 
resources, or reduce power or energy usage as will be dis 
cussed further below. The virtualizer program then activates 
the selected P. Subset threads ofN and suspends the rest 
if any by sending activation and Suspension requests 26 to the 
operating system 16 to schedule or remove from scheduling 
some of the allocated N threads, which nevertheless remain 
allocated to the virtualizer program 20. 
The store of actual threads 28 available from the operating 

system program 16 will generally exceed the actual resources 
30 necessary for thread execution (i.e., the cores 12) and, 
accordingly, the operating system program 16 will employ a 
scheduling process providing a time-varying mapping 32 
between the allocatable actual threads 28 and actual resources 
30 providing a sharing of the actual resources 30 by the 
allocatable actual threads 28 according to any of the number 
of scheduling systems understood in the art. 

This process results in P, Subset threads 28' of the N 
threads made available to the virtualizer program 20 being 
used at any given time as indicated generally by a logical data 
flow path 31 in which data and instructions may be 
exchanged. The virtualizer program 20 may then provide a 
time varying mapping of the P. Subset threads 28 to the 
M virtual threads 40 as indicated generally by logical data 
flow path 36, also providing for the exchange of data and 
instructions necessary for program execution. 

Referring still to FIG. 2, the processor cores 12 and/or other 
associated hardware may also communicate, as indicated by 
data channels 44, with the operating system program 16 to 
provide data (Such as the values of registers and counters or 
timers) that can be used to deduce operating information Such 
as the number of instructions executed per second, tempera 
ture of a core 12, page fault information, average running 
power, and the like. Some of this information may be com 
municated to the virtualizer program 20 as indicated by data 
channel 46 allowing the virtualizer program 20 to establish 
performance parameters directly as will be discussed below. 
Nevertheless, direct monitoring of the execution of hardware, 
such as the cores 12, by the virtualizer program 20 is not 
required although it can be used if available. 

Referring now to FIGS. 2 and 3, the virtualizer program 20 
may provide a thread management section 38 that effectively 
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6 
maps the P. Subset threads 28' of the N threads provided 
by the operating system program 16 to the M virtual threads 
40 allocated to the virtualizer program 20. Like the operating 
system program 16, in this regard, the virtualizer program 20 
may implement a time-varying mapping 42 between the 
P subset threads 28' and the M virtual threads 40 
according to a scheduling system similar to that provided by 
the operating system program 16. To this end, each virtual 
thread 40 is associated with a data structure 21 including, for 
example, a call stack 33 allowing state variables for the given 
virtual threads 40 to be stored when the virtual thread 40 is 
suspended between connections to P, Subset threads 
28. Generally, this call stack 33 may allow storage of a 
program counter value, the contents of various general-pur 
pose registers, and a stack pointer to the call Stack itself, each 
data element being of a type generally understood in the art 
that allows interruption of the process of the threads 40 with 
out loss of data or program state. 

Referring momentarily to FIG. 7, to further assist in this 
time-varying mapping 42, the data structure 21 associated 
with each virtual thread 40 may also track a status of each 
virtual thread 40 as being in an active state 35 (indicating that 
the virtual thread 40 is connected to a Pi, Subset thread 
28), an inactive state 37 (indicating that the virtual thread 40 
has completed and the application program 18 does not need 
the resources of that virtual thread 40), and a suspended state 
39 (indicating that the application program 18 still requires 
the resources of the virtual thread 40 but that the virtualizer 
program 20 has temporarily Suspended operation of that 
thread 40 in favor of a different thread 40). The transition 
between these states will be described in more detail below. 

In addition to the thread management section 38 discussed 
above, the virtualizer program 20 also provides a heuristic 
section 43 that receives the initial request 22 of M threads 
from the application program 18 and determines the value of 
P. and activates only P. Subset threads of N while 
Suspending the rest if any by sending activation and Suspen 
sion requests 26 to the operating system 16 to schedule or 
remove from scheduling some of the allocated N threads, 
which nevertheless remain allocated to the virtualizer pro 
gram 20. The heuristic section 43 controls the thread man 
agement section 38 to set the number P of subset threads 28 
at any time and in this manner may vary that number of Subset 
threads 28 (unsuspended actual threads 28) in a series of tests 
intended to determine an ideal degree of parallelism 
(P) as will now be described. It should be understood 
that during these tests, the number P of subset threads 28' will 
Vary from Penn. 

Referring now to FIGS. 3, 4 and 6, as indicated by process 
block 50 of FIG. 6, in a first step of execution of the applica 
tion program 18, the heuristic section 43 may determine the 
number of threads (M) currently usable by the application 
program 18 by intercepting the information of request 22 
from the application program 18. The virtualizer program 20 
then enters a first phase 52 that defines a measurement inter 
val 54 shown in FIG. 4. During this measurement interval 54, 
the virtualizer program 20 determines whether the applica 
tion program 18 is in a parallelism region 56 in which more 
than one virtual thread 40 is active (e.g. MP1). 

While the application program 18 is in the parallelism 
region 56 during the measurement interval 54, as indicated by 
process block 60 of FIG. 6, the heuristic section 43 may vary 
the number of subset threads 28 within the range established 
between 0 and N, for example, starting with a value of P=1, 
and next selecting a random value between 1 and N or several 
random values. At each of these different values P subset 
threads 28, a measurement is made of system performance, 
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for example instruction execution speed as obtained from a 
calculation based on data from the operating system along 
data channel 46. AS is understood in the art, instruction execu 
tion speed may be readily derived by counting a total number 
of executed instructions obtained from a hardware instruction 
counter during a given interval obtained from a hardware 
clock. 

Alternatively, the measurement of system performance 
may be of total resource usage being a product of the number 
of P subset threads 28 times the execution time for each P 
subset threads 28. When detailed information about proces 
Sor core 12 use is provided by the operating system program 
16, this product may be replaced with actual operating time of 
each core 12. 

Alternatively, a measurement of system power consump 
tion or its proxy in the form of temperature of the integrated 
circuits may be made or, for server applications, server 
requests per second may be used. Combinations of these 
measurements in different measurements are also contem 
plated by the present invention Such as may indicate desired 
operation of the computer system 10. 

Referring now to FIG. 5, in the case of measurement and 
optimization of instruction execution speed, or in the case of 
measurement and optimization of total resource usage, the 
measurement interval 54 can be used to assess an apparent 
“artificial serialization’ (AS) of the application program 18 
reflecting the difference between a theoretical speed increase 
obtained by parallel execution with P subset threads 28' and 
an actual speed increase obtained with the P subset threads 
28'. Underlying this artificial serialization can be any of a 
number of factors including: (1) demands of other programs 
that are concurrently executing on the same hardware, (2) 
intermittency of hardware based on power, thermal, or reli 
ability conditions, (3) processing bottlenecks represented by 
other hardware resources such as memory, (4) delays associ 
ated with cache coherence protocols, (5) overhead repre 
sented by parallel execution, and others. The invention does 
not require actual identification of the source of the artificial 
serialization or that the phenomenon of the artificial serial 
ization be in fact related to serial execution of the application 
program (it could be reflected in slow parallel execution 
caused by any of these factors). 

Generally, the measured instruction execution speed at 
different values of P may be converted to values 55 of AS 
according to the following equation: 

(1) 

using the Karp-Flatt metric described in A. Karp and H. 
Flatt, Measuring Parallel Processing Performance, Commu 
nication of the ACM, 33 (5): 539-543, (1990). In this equa 
tion, S, is a measure of the speed increase with P threads 
compared to a sequential execution (P=1) and is practically a 
fraction having as its numerator executed instructions per 
second with P subset threads 28' and its denominator executed 
instructions per second with one subset threads 28. 

From these values, a derivative of artificial serialization is 
also determined, for example, by determining a slope 
between any two measurements or by a linear regression 62 
when there are multiple measurements at different values of P. 

5 

10 

15 

25 

30 

35 

40 

45 

50 

55 

60 

65 

Once AS(P) and 

dAS(P) 
P 

are determined, an optimum value P, providing the 
number of threads for request 26 to create the optimum degree 
of parallelism may be determined as indicated by process 
block 64 of FIG. 6. 

For a goal of minimized execution time, the value of 
P is provided as: optimum 

P 1 - AS(P) 1 1 (2) 
optimum dAS(P) -- 4. -- 2 

P 

where 

dAS(P) > 0 
P 

Minimization of resource consumption (minimizing the 
number of threads times the time each thread is used) may be 
according to the formula: 

AS(P) 
dAS(P) 

P 

(3) Poptimum = + 1, 

where 

dAS(P) O p 

Note that the above formula does not require actually 
knowing the number of cores 12 in service but uses the 
number of P subset threads 28 as a proxy for this value. 

While these explicit formulations may be preferred, it will 
be appreciated that other optimization techniques including, 
for example, hill climbing and proportional/integral/deriva 
tive control loops may also be suitable for this purpose in 
which the optimum value is approached incrementally in each 
measurement interval 54. 

Referring still to FIGS. 2, 4, and 6, the virtualizer program 
20 may then proceed to a second phase 66 that defines an 
execution interval 67 (shown in FIG. 4) where, at process 
block 68, the application program 18 is executed using the 
P. value of subset threads 28. This execution interval 
67 may be limited to a certain period of time but, in one 
embodiment, the execution interval 67 may continue until 
terminated by change in a monitored performance parameter 
70 shown in FIG. 4. For example, the monitored performance 
parameter 70 may be instruction execution speed obtained 
from the operating system program 16 over data channel 46. 
Alternatively monitored performance parameter 70 of tem 
perature, power usage, or the like may be contemplated to the 
extent that they indicate a possible change in the availability 
of computing resources. 

This monitored performance parameter 70 may be com 
pared against a threshold 72, for example, being a fixed per 
centage change in the monitored performance parameter 70 
set to suggest a Substantial change in the fundamental 
resource landscape of the computer system 10. 
As represented by decision block 74 of FIG. 6, upon a 

Substantial change in the monitored performance parameter 
70, the virtualizer program 20 returns to process block 64 and 
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begins a new measurement interval 54. Otherwise the execu 
tion interval 67 may be extended indefinitely. 

In another embodiment, the virtualizer program may 
choose to limit the execution interval and reassess the value of 
P. even if there is not any substantial change in the 
monitored performance, to escape the problem of local 
optima. 

Referring now to FIG. 7, generally the states of the virtual 
threads 40 are constantly changing between the active state 
35, the suspended state 39, and the inactive state 37. Transi 
tions between the active state 35 and the suspended state 39 
may occur according to a timeout value (intended to prevent 
starvation of any given virtual thread 40 by another virtual 
thread 40 that does not conclude execution). In addition, 
transitions from the active state 35 to the suspended state 39 
may occur when the actual thread being used by that virtual 
thread 40 is suspended either due to the change in the value of 
P, or when more suspended or inactive virtual threads 
40 are needed to be executed to satisfy a barrier or similar 
condition. In addition, transitions from the active state 35 to 
the suspended state 39 may be blocked if the relevant virtual 
thread 40 in the active state 35 is currently holding a mutex or 
similar synchronization lock that must be released for other 
virtual threads 40 to continue or is producing input data for 
another virtual thread 40. A virtual thread 40 in the active state 
35 may switch to inactive state 37 when it is complete and a 
virtual thread 40 in the inactive state 37 may switch to the 
active state 35 upon a request 22 from the application pro 
gram described above. 

While an embodiment showing the use of a virtualizer 
program interposed between the application programs and 
operating system is disclosed, it will be appreciated that the 
functionality of the virtualizer program 20 may be incorpo 
rated into the operating system 16, thereby allowing some 
elimination of duplicated mechanisms (for example, separate 
mapping processes). It will be equally recognized that differ 
ent functional elements of the virtualizer program and the 
operating system may be freely allocated between these pro 
grams and that features of the virtualizer program may be 
implemented in other programs such as a runtime program or 
even by the application programs themselves and accordingly 
the claim should not be considered limited, except to the 
extent expressly indicated, to a particular allocation of func 
tions among programs. 

Certain terminology is used herein for purposes of refer 
ence only, and thus is not intended to be limiting. For 
example, terms such as “upper”, “lower”, “above', and 
“below' refer to directions in the drawings to which reference 
is made. Terms such as “front”, “back”, “rear”, “bottom' and 
“side', describe the orientation of portions of the component 
within a consistent but arbitrary frame of reference which is 
made clear by reference to the text and the associated draw 
ings describing the component under discussion. Such termi 
nology may include the words specifically mentioned above, 
derivatives thereof, and words of similar import. Similarly, 
the terms “first', 'second’ and other such numerical terms 
referring to structures do not imply a sequence or order unless 
clearly indicated by the context. 
When introducing elements or features of the present dis 

closure and the exemplary embodiments, the articles “a”, 
“an', “the' and “said” are intended to mean that there are one 
or more of such elements or features. The terms “compris 
ing”, “including and “having are intended to be inclusive 
and mean that there may be additional elements or features 
other than those specifically noted. It is further to be under 
stood that the method steps, processes, and operations 
described herein are not to be construed as necessarily requir 
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10 
ing their performance in the particular order discussed or 
illustrated, unless specifically identified as an order of perfor 
mance. It is also to be understood that additional or alternative 
steps may be employed. 

References to “a computer system can be understood to 
include one or more processors or cores that can communi 
cate in a stand-alone and/or a distributed environment(s), and 
can thus be configured to communicate via wired or wireless 
communications with other processors, where such one or 
more processor can be configured to operate on one or more 
processor-controlled devices that can be similar or different 
devices. Furthermore, references to memory, unless other 
wise specified, can include one or more processor-readable 
and accessible memory elements and/or components that can 
be internal to the processor-controlled device, external to the 
processor-controlled device, and can be accessed via a wired 
or wireless network. 

Application program' as used herein generally refers to 
any program executable on one or more cores (including 
possibly an operating system) and may include as context 
requires the program runtime, various linked libraries, and 
drivers. It will be appreciated that P. necessarily only 
approximates an optimum value and that this terminology 
should not be considered limiting. 

It is specifically intended that the present invention not be 
limited to the embodiments and illustrations contained herein 
and the claims should be understood to include modified 
forms of those embodiments including portions of the 
embodiments and combinations of elements of different 
embodiments as come within the scope of the following 
claims. All of the publications described herein, including 
patents and non-patent publications, are hereby incorporated 
herein by reference in their entireties. 

We claim: 
1. An electronic computer system comprising: 
at least two electronic processors executing programs 

stored in non-transitory medium, at least one processor 
tO: 

(a) provide to an application program a number of virtual 
threads for execution; 

(b) during a preceding interval of execution of the applica 
tion program, vary a number of actual threads executed 
by the at least one processor, the actual threads selected 
from the number of virtual threads and the number of 
actual threads being a subset of the virtual threads and 
less than the number of virtual threads while evaluating 
the application program performance to establish a rela 
tionship between the number of actual threads and the 
number of virtual threads and the application program 
performance; 

(c) during a Succeeding interval of execution following the 
preceding interval of execution, control the number of 
actual threads employed by the application program 
based on the relationship to improve the application 
program performance; and 

(d) repeat steps (b) and (c) during execution of the appli 
cation program at Successive preceding and Succeeding 
intervals of execution while changing which virtual 
threads are selected as active threads independently of 
varying the number of actual threads: 

wherein each virtual thread is associated with independent 
state storage for holding a state of the virtual thread. 

2. The electronic computer system of claim 1 wherein the 
application program performance is that of instruction execu 
tion speed. 
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3. The electronic computer system of claim 1 wherein the 
application program performance is that of processor 
resource usage. 

4. The electronic computer system of claim 1, wherein the 
application program performance is that of processor energy 
or power usage. 

5. The electronic computer system of claim 1 wherein at 
least one processor determines when a parallelism region of 
the application program occurs in which instructions of the 
application program may be executed in parallel, and wherein 
step (a) is timed to occur in the parallelism region of the 
application program. 

6. The electronic computer system of claim 5 wherein the 
relationship measures an apparent artificial serialization of 
the application program representing a decrease in applica 
tion program performance below that possible when instruc 
tions of the application program which may be executed in 
parallel are executed in parallel. 

7. The electronic computer system of claim 1 including the 
Step of monitoring a parameter of application program per 
formance and wherein step (d) repeats steps (b) and (c) based 
on changes in the monitored parameter occurring during the 
Succeeding interval. 

8. The electronic computer system of claim 7 wherein the 
parameter of application program performance is selected 
from the group consisting of executed instructions per sec 
ond, processor power, processor energy and processor tem 
perature. 

9. The electronic computer system of claim 1 including the 
Step of monitoring time and wherein step (d) repeats steps (b) 
and (c) based on expiration of a predetermined time after a 
previous performance of steps (b) and steps (c). 

10. The electronic computer system of claim 1 wherein 
Step (c) is performed by providing a virtualizing program 
positioned between the application program and an operating 
System program, the operating system program allocating N 
threads to the application program, the N threads indepen 
dently schedulable on the electronic processors and indepen 
dently executable on different electronic processors: 

and wherein the virtualizing program communicates with 
the application program to provide the application pro 
gram with M virtual threads and to map a changing 
Subset P of the N threads to the virtual threads M based 
on the relationship to improve the application program 
performance. 

11. The electronic computer system of claim 10 wherein 
the application program varies a mapping of the P threads to 
all of the M virtual threads by activating and suspending the 
M virtual threads over time to guarantee forward progress. 

12. The electronic computer system of claim 10 further 
including a call stack associated with each of the M virtual 
threads allowing activating and suspending of the virtual 
threads. 

13. The electronic computer system of claim 1 wherein the 
independent state storage allows the virtual thread to be acti 
Vated for execution as an actual thread and suspended without 
execution without loss of execution state. 

14. The electronic computer system of claim 1 wherein 
virtual threads are given priority for activation when their 
execution satisfies a barrier condition. 
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12 
15. A method of operating an electronic computer system 

with at least two electronic processors executing programs 
comprising the steps of: 

(a) provide to an application program a number of virtual 
threads for execution; 

(b) during a preceding interval of execution of the applica 
tion program, varying a number of actual threads 
executed by the at least one processor the actual threads 
selected from the number of virtual threads and the 
number of actual threads being a subset of the first num 
ber of virtual threads less than the number of virtual 
threads while evaluating the application program perfor 
mance to establish a relationship between the number of 
actual threads and the number of virtual threads and the 
application program performance; 

(c) during a succeeding interval of execution following the 
preceding interval of execution, controlling the number 
of actual threads employed by the application program 
based on the relationship to improve the application 
program performance; and 

(d) repeating steps (b) and (c) during execution of the 
application program at successive preceding and suc 
ceeding intervals of execution while changing which 
Virtual threads are selected as active threads indepen 
dently of varying the number of actual threads: 

wherein each virtual thread is associated with independent 
state storage for holding a state of the virtual thread. 

16. The method of claim 12 wherein the application pro 
gram performance is that of instruction execution speed. 

17. The method of claim 12 wherein the application pro 
gram performance is that of processor resource usage. 

18. The method of claim 12 wherein the application pro 
gram performance is that of processor energy or powerusage. 

19. The method of claim 12 wherein at least one processor 
determines when a parallelism region of the application pro 
gram occurs in which instructions of the application program 
may be executed in parallel, and wherein step (b) is timed to 
occur in the parallelism region of the application program. 

20. The method of claim 18 wherein the relationship mea 
Sures an apparent artificial serialization of the application 
program occurring during the parallelism region representing 
a decrease in application program performance below that 
possible when instructions of the application program which 
may be executed in parallel are executed in parallel. 

21. The method of claim 12 including the step of monitor 
ing a parameter of application program performance and 
wherein step (d) repeats steps (b) and (c) based on changes in 
the monitored parameter occurring during the succeeding 
interval. 

22. The method of claim 12 wherein step (c) is performed 
by providing a virtualizing program positioned between the 
application program and an operating system program, the 
operating system program allocating N threads to the appli 
cation program, the N threads independently schedulable on 
the electronic processors and independently executable on 
different electronic processors; 

and wherein the virtualizing program communicates with 
the application program to vary a fraction of the N 
threads available to the application program based on the 
relationship to improve the application program perfor 

aICC. 


